Spatiotemporal regulation of protein kinase A (PKA) activity involves the manipulation of compartmentalized cAMP pools. Now we demonstrate that the muscle-selective A-kinase anchoring protein, mAKAP, maintains a cAMP signaling module, including PKA and the rolipram-inhibited cAMP-speci®c phosphodiesterase (PDE4D3) in heart tissues. Functional analyses indicate that tonic PDE4D3 activity reduces the activity of the anchored PKA holoenzyme, whereas kinase activation stimulates mAKAP-associated phosphodiesterase activity. Disruption of PKA± mAKAP interaction prevents this enhancement of PDE4D3 activity, suggesting that the proximity of both enzymes in the mAKAP signaling complex forms a negative feedback loop to restore basal cAMP levels.
Introduction
Understanding the molecular organization of intracellular signaling pathways has recently become a topic of considerable research interest (Hunter, 2000) . It is now appreciated that the assembly of multiprotein signaling complexes creates focal points of enzyme activity that transduce the intracellular action of many hormones, neurotransmitters and cardiotonic agonists (Jordan et al., 2000) . Accordingly, the spatiotemporal activation of protein kinases and/or phosphatases is important in controlling where and when phosphorylation events occur. Anchoring proteins and targeting subunits provide a molecular framework that orients protein kinases and phosphatases towards selected substrates (Pawson and Scott, 1997; Hunter, 2000) . Prototypic examples of thesè signal-directing molecules' are A-kinase anchoring proteins (AKAPs), which sustain multi-component signaling complexes of protein kinase A (PKA) and other enzymes (Colledge and Scott, 1999) . These protein± protein interactions not only focus PKA toward the phosphorylation of certain ion channels, cytoskeletal elements and transcription factors, but also spatially segregate parallel cAMP signaling pathways (Johnson et al., 1994; Rosenmund et al., 1994; Feliciello et al., 1997; Fraser et al., 1998; Colledge and Scott, 1999; Marx et al., 2000; Westphal et al., 2000) . However, activation of each intracellular PKA pool is ultimately determined by the availability of cAMP. Accordingly, the accumulation of cAMP at sites of PKA anchoring must be tightly and dynamically regulated.
Phosphodiesterases (PDEs) are critical regulators of cyclic nucleotide homeostasis (Beavo, 1995; Conti, 2000) . Together with phosphatases, they control the signal termination processes by counteracting the actions of second messenger-dependent enzymes. This is achieved by limiting the diffusion of second messengers, thereby in¯uencing the activity state of cyclic nucleotide-gated ion channels, cAMP-GEFs, and enzymes such as PKA or PKG (Conti, 2000) . Given the broad role that these enzymes play in all aspects of cellular regulation, it is not surprising that control of PDE activity is of considerable clinical importance. In fact, PDE inhibitor drugs are used to treat clinical depression, asthma and erectile dysfunction (Corbin and Francis, 1999; Soderling and Beavo, 2000) . Inhibition of PDE activity is particularly relevant in the cardiovascular system where certain PDE families have been implicated in promoting vasodilatation of pulmonary arteries and aortic endothelial cells (Kessler and Lugnier, 1995; Maclean et al., 1997) . Consequently, PDE inhibitors such as indolidan, enoximone and cilostazol have been developed as cardiotonic agents (reviewed by Beavo, 1995) .
The PDE superfamily currently consists of 21 different genes encoding 11 families of distinct PDE subtypes (Conti, 2000) . The PDE4 cAMP-speci®c, rolipraminhibited PDEs are derived from four related genes that encode numerous isoforms through alternate splicing of RNA (PDE4, A±D) . Each isoenzyme contains a conserved catalytic core (Xu et al., 2000) , but has divergent N-and C-terminal sequences, which have been proposed to regulate enzyme activity and direct the subcellular location of individual PDE4D isoforms (Jin et al., 1998; McPhee et al., 1999; Beard et al., 2000) . On the basis of these ®ndings, we reasoned that certain PDE4 cAMP-speci®c PDE isoforms may be compartmentalized with the cAMP-dependent protein kinase in heart tissue. In this report, we provide evidence that the PDE4D3 isoform and the PKA holoenzyme exist in the same signaling complex through their association with the muscle-selective A-kinase anchoring protein, mAKAP. Functional studies indicate that anchored PKA enhances cAMP degradation 2-fold, indicating that mAKAP provides the molecular framework for the assembly of a PKA/PDE negative feedback loop. mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling module The EMBO Journal Vol. 20 No. 8 pp. 1921±1930, 2001 ã European Molecular Biology Organization Results mAKAP associates with a type 4 PDE We focused initially on measuring PDE activity that copuri®ed with the PKA holoenzyme from rat heart extracts ( Figure 1A±C ). Immunoprecipitation of the type II regulatory (RII) subunit of PKA resulted in a modest increase of 1.86 T 0.4-fold (n = 3) in PDE activity over an IgG control using [ 3 H]cAMP as a substrate ( Figure 1A ). This implied that both enzymes were recruited to the same signaling complex, but did not indicate whether an anchoring protein maintained these interactions. To test this, two AKAP signaling complexes known to be present in heart were isolated from tissue extract (Fraser et al., 1998; Kapiloff et al., 1999) . Immunoprecipitation of mAKAP resulted in a 5.1 T 0.2-fold (n = 5) increase in PDE activity over an IgG control, whereas immunoprecipitation of AKAP 15/18 only elicited a 1.7 T 0.3-fold (n = 3) increase in enzyme activity ( Figure 1B ). In addition, AKAP150 immune complexes isolated from brain extracts displayed little PDE activity [1.45 T 0.7-fold (n = 3); Figure 1B ]. Owing to the signi®cant amount of PDE activity associated with mAKAP, further experiments focused upon characterizing this interaction.
PDE inhibitors were added to mAKAP immune complexes to establish which family of PDE associated with the anchoring protein ( Figure 1C ). The general PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX; 15 mM) reduced PDE activity by 74 T 8% (n = 3). In contrast, application of milrinone (1 mM), a selective PDE3 inhibitor, had no effect on the mAKAP-associated PDE activity ( Figure 1C ). However, rolipram (10 mM), a speci®c PDE4 inhibitor, blocked all mAKAP-associated PDE activity ( Figure 1C ), indicating that PDE4 activity associates with mAKAP in heart extracts. We obtained independent con®rmation of this result when RII antibodies co-precipitated a 100 kDa protein recognized by monoclonal antibodies against the PDE4D gene family ( Figure 1D, lane 3) . On the basis of molecular weight, this protein was likely to be either PDE4D3 (97 kDa) or PDE4D5 (105 kDa). Both enzymes are expressed in cardiac tissues and PKA phosphorylation stimulates their PDE activity (Kostic et al., 1997) .
PDE4D associates with mAKAP inside cells
To characterize the mAKAP signaling complex biochemically, additional co-precipitation experiments and PKA activity measurements were performed (Figure 2 ). Immunoprecipitation of mAKAP from rat heart extracts using polyclonal antisera against the rat anchoring protein resulted in co-puri®cation of a 100 kDa PDE4D isoform, as detected by western blotting ( Figure 2B , lane 3). Identical results were obtained when experiments were repeated using antisera raised against the human mAKAP protein (data not shown). PDE immunoreactivity was not Fig. 1 . Type 4 PDE activity co-puri®es with mAKAP. (A) Immune complexes were isolated from rat heart extracts using antibodies against the RII subunit of cAMP-dependent protein kinase or control IgG serum. Co-precipitating PDE activity [pmol/min/immunoprecipitation (IP)] was measured using [ 3 H]cAMP as a substrate. Data are presented as the average of three independent experiments. (B) Immune complexes were isolated from rat heart extracts using antibodies against mAKAP, AKAP18 or control IgG and from brain extracts using antibodies against AKAP150. The source of the antibody is indicated below each column. Co-precipitating PDE activity (pmol/min/IP) was measured as described above. Data presented are the average of three independent experiments. (C) mAKAP immune complexes were treated with PDE inhibitors (indicated below each column) and PDE activity was measured as described above. Data presented are the average of three independent experiments. (D) Immunoprecipitations were performed from rat heart extracts using antibodies against the RII subunit of PKA or IgG control. The resulting immune complexes were separated by electrophoresis on a 7.5% SDS gradient polyacrylamide gel and electrotransferred to nitrocellulose membranes. Detection of PDE4D in the extract (lane 1), IgG control (lane 2) or the RII immunoprecipitation (lane 3) was by immunoblot analysis using a monoclonal antibody against the PDE4D family. Detection of signals was by chemiluminescence. Molecular weight markers are indicated. The migration of PDE4D is indicated.
co-precipitated with a control rabbit IgG control ( Figure 2B , lane 2). It was estimated that~5% of the total cardiac PDE4 pool was associated with mAKAP. In reciprocal experiments, immunoprecipitation of PDE4D family members resulted in the co-puri®cation of mAKAP, as detected by western blotting ( Figure 2D , top panel, lane 3). An RII binding protein corresponding in size to mAKAP was detected when the same ®lter was probed for AKAPs by the overlay assay (data not shown). The anchoring protein was not detected when immunoprecipitations were performed with control IgG or preimmune serum ( Figure 2D , lane 2). Further analysis con®rmed that the PKA holoenzyme was co-puri®ed with the signaling complex, as RII ( Figure 2D , middle panel, lane 3) and the C subunit of PKA ( Figure 2D , bottom panel, lane 3) were detected by immunoblotting.
Additional experiments were performed to establish whether PDE4D could immunoprecipitate the PKA holoenzyme through the association with mAKAP ( Figure 2C ). The presence of the PKA catalytic subunit was detected by activity measurements using the heptapeptide Kemptide as a substrate (Corbin and Reimann, 1974) . The speci®c activity of PKA was enriched 3.3 T 0.6-fold (n = 3) over the IgG control in PDE4D immunoprecipitates from rat heart extracts ( Figure 2E ). Furthermore, PKA activity was reduced to baseline levels in the presence of the PKI 5±24 peptide, a speci®c inhibitor of PKA (Scott et al., 1985) ( Figure 2E ). Collectively, these results demonstrate that mAKAP maintains a signaling complex of a cAMP-selective type 4D PDE and the PKA holoenzyme in vivo.
PDE4D3 binds directly to mAKAP
The PDE4D3 and PDE4D5 isoforms are splice variants of the same gene that differ only in their extreme N-terminal sequences (Beavo et al., 1994) (Figure 3A ). In order to establish which PDE4D isoform associated with the anchoring protein, HEK 293 cells were transfected with pcDNA3 expression vectors encoding myc-tagged mAKAP and Flag-tagged versions of either PDE4D3 or PDE4D5. The epitope-tagged PDEs were immunoprecipitated from cell extracts with anti-Flag-tag antibodies, and co-puri®cation of the anchoring protein was assessed by western blotting using anti-Myc antibodies ( Figure 3B and C). Co-precipitation of mAKAP was only seen with co-expression of PDE4D3 ( Figure 3B , lanes 1±3). In contrast, the anchoring protein did not co-precipitate with Immunoprecipitations were performed from rat heart extracts using antibodies against rat mAKAP or control IgG. The resulting immune complexes were separated by electrophoresis on a 7.5% SDS±polyacrylamide gel and electrotransferred to nitrocellulose membranes. Immunoblot analyses using monoclonal antibodies against the PDE4D family were used to identify the PDE in heart extracts (lane 1) and immunoprecipitations with the IgG control (lane 2) or anti-mAKAP antisera (lane 3). Detection of signals was by chemiluminescence. Molecular weight markers are indicated. The migration of PDE4D is indicated. (C) A schematic diagram depicting immunoprecipitation of PDE4D and associated proteins. (D) Immune complexes were isolated from rat heart extracts (lane 1) using goat polyclonal antibodies against PDE4D isoforms (lane 3) or control goat IgG (lane 2). Immune complexes were separated by electrophoresis on a 7.5% SDS±polyacrylamide gel and electrotransferred to nitrocellulose membranes. The ®lter was subjected to immunoblot analysis using rabbit polyclonal antibodies against rat mAKAP (top panel), RII regulatory subunit (middle panel) and catalytic subunit of PKA (bottom panel). Detection of signals was by chemiluminescence. Molecular weight markers and the migration position of mAKAP are indicated. (E) PKA activity in PDE4D immune complexes was measured using the heptapeptide Kemptide as a substrate. PKA speci®c activity (pmol/min/IP) was measured from PDE4D immune complexes, the IgG control and in the presence of the PKI 5±24 peptide, a speci®c inhibitor of PKA. The source of the sample is indicated below each lane. The accumulated data from three experiments are presented.
Role of mAKAP in cAMP signaling PDE4D5 ( Figure 3B , lanes 4±6). Thus, PDE4D3 appears to associate with mAKAP selectively.
Given that PDE4D3 and PDE4D5 differ only in their extreme N-termini, we hypothesized that association between mAKAP and PDE4D3 was due to the unique sequence at the extreme N-terminus of PDE4D3 ( Figure 3A) . A His-tagged fusion protein including this region was expressed in HEK 293 cells and used as a ligand to isolate recombinant mAKAP ( Figure 3C ). Immunoprecipitation of the His-tagged 4D3 fragment resulted in co-puri®cation of recombinant mAKAP ( Figure 3C , lane 3). The anchoring protein was not detected upon immunoprecipitation of a control Histagged fragment ( Figure 3C , lane 2). To con®rm these results, a glutathione S-transferase (GST) fusion protein encompassing the 15-amino-acid unique region of PDE4D3 was used to screen a family of mAKAP fragments in an in vitro pull-down assay ( Figure 3D ). The GST±PDE4D3 fragment bound to a central portion of mAKAP encompassing residues 1286±1831 ( Figure 3E , lane 6), but did not bind adjacent regions of the anchoring protein including a fragment encompassing residues Control experiments were performed with GST alone (lanes 1, 3, 5 and 7). The isolated materials were separated by gel electrophoresis on a 7.5% SDS±polyacrylamide gel and electrotransferred to nitrocellulose membranes. Isolation of mAKAP fragments was assessed by immunoblotting (I.B.) using monoclonal antibodies against the His tag. Detection of the signal was by chemiluminescence. Molecular weight markers are indicated.
1401±2301 ( Figure 3E, lane 8) . GST alone did not bind to any of the mAKAP fragments ( Figure 3E ). Control experiments con®rmed that approximately equal amounts of each bacterially puri®ed mAKAP-His-tag fragment were used in the pull-downs (data not shown). Taken together, these mapping studies indicate that there is a direct interaction between the N-terminus of PDE4D3 and a site located between residues 1286 and 1401 of mAKAP.
Redistribution of PDE4 upon induction of mAKAP expression in cultured rat neonatal ventriculocytes
We have demonstrated previously that mAKAP expression is induced in rat neonatal ventriculocytes (RNVs) by treatment with hypertrophic stimuli. This promotes accumulation of the anchoring protein at perinuclear sites and movement of the PKA holoenzyme to this region (Kapiloff et al., 1999) . It seemed likely that PDE4D3 localization would be altered if mAKAP expression levels were manipulated. Immuno¯uorescence techniques were used to visualize PDE4 location in primary cultures of RNV before and after induction of mAKAP expression following treatment with phenylephrine (100 mM) for 24 h (Figure 4 ). Since the antibodies used in our biochemical analyses did not work for immunocytochemical detection of the enzyme, it was necessary to use a monoclonal antibody that recognized all PDE4 subtypes for these experiments. Control experiments con®rmed that this antibody detected a 100 kDa PDE4 species upon immunoprecipitation of mAKAP from RNV ( Figure 4A) . mAKAP was barely detected in undifferentiated RNV ( Figure 4B) , and PDE4 exhibited a general cytoplasmic staining pattern ( Figure 4C ). Actin staining de®ned cell morphology and indicated a moderate level of stress ®ber formation ( Figure 4D ). Prominent mAKAP staining was detected at the perinuclear regions upon the induction of cardiomyocyte hypertrophy with phenylephrine ( Figure 4F ). Signi®cantly, a proportion of the PDE4 signal was now detected at these sites ( Figure 4G ). In addition, stress ®ber formation was more pronounced ( Figure 4H ), which is a recognized hallmark of RNV hypertrophy (Thorburn et al., 1995) . These results suggest that induction of mAKAP promotes the recruitment of PDE4 to the perinuclear membranes of RNV. This is best illustrated in a composite image showing that a proportion of the mAKAP and PDE4 signals overlap ( Figure 4I ). This ®nding is consistent with subcellular fractionation data indicating that PDE4D subtypes are present in the outer perinuclear membranes of isolated cardiac nuclei (Lugnier et al., 1999) .
Regulation of the mAKAP signaling complex Our combined biochemical, enzymological and immunouorescence data suggest that mAKAP maintains a signaling complex of active PDE4D3 and the PKA holoenzyme. A functional consequence of these interactions could be to control the activity status of the anchored kinase through regulation of local cAMP concentrations. To test this hypothesis, the dose dependency of PKA activation within the mAKAP signaling complex was measured over a range of cAMP concentrations. Untreated mAKAP immunoprecipitates from heart extracts displayed a dose-dependent increase in PKA activity ( Figure 5A , squares) that resulted in a 7.8 T 0.9-fold (n = 3) maximal stimulation of the kinase ( Figure 5A) . Addition of the PDE4 inhibitor rolipram enhanced sensitivity to cAMP ( Figure 5A, diamonds) , resulting in a 15.4 T 2-fold (n = 3) stimulation of kinase activity at the highest concentration of cAMP ( Figure 5A ). Control experiments using the speci®c PKA inhibitor peptide PKI 5±24 con®rmed that all of the anchored kinase activity was PKA ( Figure 5A , circles). These data indicate that the pool of PDE4D3 associated with mAKAP in¯uences the activity status of the anchored PKA. This result was con®rmed by assembly of the signaling complex with recombinant components in HEK 293 cells ( Figure 5B ). Following immunoprecipitation of the mAKAP signaling complex, PKA activity was decreased 40 T 10% (n = 3) in cells co-transfected with PDE4D3 ( Figure 5B ). Upon application of rolipram, the mAKAPassociated PKA activity was restored to a level equivalent to that measured from cells expressing mAKAP alone ( Figure 5B ). Thus, recruitment of the PDE into the mAKAP signaling complex attenuates PKA activation. Furthermore, these experiments indicate that mAKAP organizes two functionally coupled enzymes in a cAMPresponsive signaling scaffold to locally regulate PKA activity.
Our anchoring hypothesis proposes that AKAPs function to position PKA in close proximity to substrates (Colledge and Scott, 1999) . Interestingly, PDE4D3 is phosphorylated on Ser13 and Ser54 by PKA (Sette and Conti, 1996; Hoffmann et al., 1998; Oki et al., 2000) . Phosphorylation of Ser54 enhances PDE4D3 activity 2-to 3-fold in vitro and inside cells (Sette and Conti, 1996; Lim et al., 1999) , explaining earlier reports that elevation of intracellular cAMP stimulates PDE4 activity (Sette and Conti, 1996) . Transfection experiments in HEK293 cells were performed to con®rm that the mAKAP-associated pool of PDE4D3 is preferentially phosphorylated by PKA. All cells were treated with CPT-cAMP for 15 min prior to immunoprecipitation of the PDE, and phosphate incorporation was monitored by immunoblotting using antiphosphoserine antibodies ( Figure 5C ). Low level PDE4D3 phosphorylation was detected in cells transfected with the PDE alone ( Figure 5C , lane 2). However, PDE4D3 phosphorylation was markedly increased in cells co-transfected with the anchoring protein ( Figure 5C , lane 4). Importantly, phosphorylation was not detected in cells co-transfected with the anchoring protein and PDE4D3 S13A, S54A, a mutant form of the enzyme lacking both PKA phosphorylation sites (lane 6). This shows that the mAKAP-associated pool of PDE4D3 is a substrate for the kinase.
On the basis of the experiments described above, it is possible that mAKAP maintains a pool of PKA that could upregulate PDE4D3 activity in heart cells. Immunoprecipitation of endogenous mAKAP from heart extracts resulted in a 3.5 T 0.5-fold (n = 3) increase in basal PDE activity over the IgG control ( Figure 5D ). However, in the presence of CPT-cAMP, the mAKAP-associated PDE activity was increased further to 7.0 T 0.3 (n = 3). This 2-fold increase in activity is consistent with previous reports demonstrating that elevated cAMP increases PDE4D3 activity (Sette and Conti, 1996) . Control experiments con®rmed that PDE activity was decreased 53 T 4% (n = 3) in the presence of PKI 5±24 peptide, a speci®c inhibitor of the PKA catalytic subunit ( Figure 5D ). This strongly suggests that PKA regulates PDE4D3 activity within the mAKAP signaling complex.
The anchoring inhibitor peptide Ht31 is a competitive inhibitor of PKA±AKAP interaction and is routinely used to release PKA from signaling complexes inside cells (Carr et al., 1992; Rosenmund et al., 1994) . Treatment with Ht31 prior to immunoprecipitation of the mAKAP signaling complex decreased cAMP-stimulated PDE activity by 47 T 0.3% (n = 3), a similar decrease to that seen with PKI ( Figure 5B ). In contrast, treatment with a control peptide, Ht31-proline, had no effect on cAMPstimulated PDE activity ( Figure 5D ). Thus, we conclude that displacement of PKA from the mAKAP signaling complex prevents cAMP-dependent modulation of PDE activity. These ®ndings provide a molecular explanation for the negative feedback effects on cAMP levels ascribed to the PKA phosphorylation of PDE4D3 (Oki et al., 2000) .
Discussion
In this report, we present evidence that the muscleselective anchoring protein mAKAP assembles a signaling complex including the PKA holoenzyme and a cAMP PDE at perinuclear regions in hypertrophic cardio- (Kapiloff et al., 1999) . (A) As a prelude to immunocytochemical analysis, control experiments con®rmed that a monoclonal antibody against PDE4 family members recognized the PDE that co-precipitated with mAKAP from cardiomyocyte extracts. Immunoprecipitations were performed using antibodies against rat mAKAP or control IgG. The resulting immune complexes were separated by electrophoresis on a 7.5% SDS±polyacrylamide gel and electrotransferred to nitrocellulose membranes. Immunoblot analysis using a monoclonal antibody that recognizes the PDE4 family was used to identify the PDE in immunoprecipitations with anti-mAKAP antisera or the IgG control (indicated above each lane). This antibody was subsequently used in immuno¯uorescence experiments. Dissociated RNVs were plated on coverslips and grown in the absence (upper panels) or presence (lower panels) of phenylephrine (100 mM) for 24 h at 37°C. Ventriculocytes were ®xed by incubation in 3.7% formaldehyde for 10 min at room temperature, permeablized with 0.3% Triton X-100, and subjected to labeling with primary antibodies against mAKAP (1:500 dilution) and PDE4 family(1:500 dilution) for 16 h at 4°C. The intracellular location of mAKAP (blue; B and F) was detected with Cy5-labeled secondary antibodies (1:100 dilution), PDE4 (green; C and G) was detected with¯uorescein-labeled secondary antibodies (1:100 dilution) and the actin cytoskeleton (red; D and H) was detected with Texas red±phalloidin. Immuno¯uorescent detection of each signal was performed by confocal microscopy on a BioRad 1024 UV/Vis confocal microscope. Composite images are presented in (E) and (I). myocytes. Our mapping studies indicate that the ®rst 15 residues of PDE4D3 contain determinants for association with the anchoring protein. This ®nding is consistent with evidence that the divergent N-terminal regions of thè long form' PDE4D isozymes associate with signaling molecules (Conti, 2000) . (The domain organization of the PDE4D gene family is presented in Figure 3A .) A 152-residue unique region of PDE4D4 interacts with SH3 domains of the tyrosine kinases src, lyn and fyn, whereas the ®rst 88 amino acids of PDE4D5 bind to the scaffold protein RACK1 with high af®nity Yarwood et al., 1999) . RACK1 also binds to activated PKC, although isolation of a signaling complex containing both enzymes has not been possible (Ron et al., 1994; Yarwood et al., 1999) . These and other PDE4D isoforms are also retained at speci®c subcellular sites in macrophages and FRTL-5 cells, possibly via the interaction with speci®c binding proteins (Jin et al., 1998; Pryzwansky et al., 1998) . Myomegalin, a Golgi/centrosomal protein with homology to Drosophila centrosomin, has recently been isolated by two-hybrid analysis using the PDE4D upstream conserved region 2 (UCR2), a regulatory domain common to all long isozymes, as bait (Verde et al., 2001) . Although direct interaction with the PDE has yet to be formally proven inside cells, it seems likely that association with myomegalin provides a means to target certain PDE4D isoforms to the Golgi and centrosomes (Verde et al., 2001) . Interestingly, two centrosomal AKAPs, AKAP350/450/CG-NAP and pericentrin, target PKA to this region (Schmidt et al., 1999; Takahashi et al., 1999; Witczak et al., 1999; Diviani et al., 2000) . Thus, alternative targeting mechanisms may permit the cluster- Fig. 5 . mAKAP assembles a PDE/PKA negative feedback loop. The functional consequences of PDE4D3 localization through association with mAKAP were assessed on PKA activity. (A) The mAKAP signaling complex was immunoprecipitated from rat heart extracts using antibodies against the mouse anchoring protein. PKA activity (squares) was measured over a range of cAMP concentrations (0.1±10 mM) as described in Materials and methods, upon inhibition of PDE4D3 by rolipram (diamonds) and in the presence of the PKI 5±24 peptide (circles). The speci®c activity of the PKA catalytic subunit is presented as pmol/min/IP. The averaged data from three experiments are presented. (B) Recombinant myc-tagged mAKAP was expressed in HEK293 cells in the absence or presence of PDE-4D3 (indicated below each lane). Anti-Myc antibodies were used to isolate immune complexes and PKA activity was measured in the presence of 1 mM cAMP. The speci®c activity of the PKA catalytic subunit is presented as pmol/ min/IP. The averaged data from three experiments are presented. Rolipram (10 mM) was used to selectively inhibit PDE activity. (C) Expression vectors encoding VSV-tagged PDE4D3 (lanes 1±4) or the phosphorylation site mutant VSV-tagged PDE4D3 S13A,S54A (lanes 5 and 6) were coexpressed with myc-tagged mAKAP in HEK293 (lanes 2±6). The transfected plasmids are indicated above each lane. The cells were incubated with 1 mM CPT-cAMP for 15 min before immunoprecipitation with anti-VSV antibodies or control IgG. The immune complexes were separated by gel electrophoresis on a 7.5% SDS±polyacrylamide gel and electrotransferred to nitrocellulose membranes. Phosphorylation of PDE4D3 was assessed by immunoblotting (IB) using a polyclonal phosphoserine-speci®c antibody (top panel). Equal loading of PDE4D3 was con®rmed by reprobing the blot with VSV-speci®c monoclonal antibody (bottom panel). Detection of the signals was by chemiluminescence. Molecular weight markers and the migration position of PDE are indicated. This ®gure is representative of three independent experiments. (D) In reciprocal experiments, the functional consequences of PKA anchoring were assessed on PDE4D3 activity. The mAKAP signaling complex was immunoprecipitated from rat heart extracts using antibodies against the rat anchoring protein. After a 16 h incubation, the immunoprecipitates were incubated in the presence or absence of CPTcAMP for 30 min (indicated below). PDE4 activity was then measured under conditions where PKA activity was inhibited (PKI), in the presence of a PKA anchoring inhibitor peptide (Ht31) or a control peptide (Ht31p). PDE activity was presented as pmol/min/IP. The data averaged from three experiments are presented.
Role of mAKAP in cAMP signaling
ing of PKA and PDE4D isoforms at other intracellular locations.
Our studies with the PDE4 inhibitor rolipram suggest that the close proximity of the mAKAP-associated PDE controls the activation status of anchored PKA. To our knowledge, this provides the ®rst evidence for a cAMPdependent kinase and a cAMP-metabolizing enzyme in the same macromolecular unit. The functional rami®cations of such a tightly coupled cAMP signaling module may be signi®cant for feedback inhibition of PKA phosphorylation events. A model highlighting this process is presented in Figure 6 . Under basal conditions, the tethered PDE4D3 metabolizes cAMP diffusing into the local environment at a rate that is suf®cient to prevent activation of PKA ( Figure 6A ). However, upon hormonal stimulation, the increased¯ow of cAMP is suf®cient to override the local PDE activity ( Figure 6B ). This releases active C subunit from the mAKAP signaling complex and permits PKA phosphorylation ( Figure 6B ). Two important regulatory factors built into the mAKAP signaling complex favor the signal termination process. First, the tethered PDE is constitutively active and will rapidly restore basal cAMP levels when the¯ow of second messenger is turned off. Secondly, elegant experiments by Conti and others (Sette and Conti, 1996; Hoffmann et al., 1998; Lim et al., 1999; Conti, 2000; Oki et al., 2000) have demonstrated that PKA phosphorylation of PDE4D3 on Ser54 increases the V max of the enzyme 2-to 3-fold over basal conditions. Phosphorylation of PDE4D3 increases cAMP degradation to favor re-formation of the PKA holoenzyme ( Figure 6C ). PKA anchoring is a unique and critical element in this PKA/PDE4D3 feedback loop, as displacement of the kinase with the anchoring inhibitor peptide Ht31 prevents cAMP-dependent stimulation of the mAKAP-associated PDE4D activity. This not only emphasizes the importance of PDE compartmentalization in the preservation of cAMP homeostasis, but also highlights that multiple regulatory processes control where and when PKA activation occurs inside cells.
Assembly of the mAKAP signaling complex at perinuclear regions occurs upon catecholamine-induced hypertrophy in RNVs (Kapiloff et al., 1999) . Ventricular hypertrophy involves the coordinated mobilization of various signal transduction pathways and represents a cellular adaptation to the requirement for increased contractile power in the heart (Sugden and Clerk, 1998) . PKA phosphorylation induces certain cAMP-responsive genes that propagate the hypertrophic phenotype (Zimmer, 1997) . Thus, a perinuclear pool of PDE4 may control the release of the C subunit into the nucleus. However, this may represent only one site of action for the mAKAP signaling complex, as the anchoring protein has also been detected in the sarcoplasmic reticulum (SR) and at intercalated discs in adult heart tissue sections (Yang et al., 1998; Marx et al., 2000) . Furthermore, Marx et al. (2000) have recently reported that mAKAP is recruited into an SR-associated macromolecular complex that includes the calcium release channel ryanodine receptor. An important conclusion of their study is that defects in PKA signaling at the SR promote hyperphosphorylation of the ryanodine receptor in failing hearts. One explanation is that PKA activity at the SR is aberrantly high during cardiac failure. According to the feedback mechanism we have proposed in Figure 6 , any reduction in mAKAPassociated PDE4D3 activity would favor prolonged activation of PKA. This raises the intriguing possibility that local inhibition of PDE activity or disruption of an SRassociated pool of PDE contributes to this disease state. Interestingly, ERK 2 phosphorylation of PDE4D3 inhibits enzyme activity (Hoffmann et al., 1999; MacKenzie et al., 2000) , while the synergistic actions of PKA and ERK 2 favor translocation of the PDE from membranes to the cytosol in rat aortic endothelial cells (Liu and Maurice, 1999) . Future studies are planned to determine whether mAKAP-associated PDE4D3 activity is reduced in failing heart tissue.
Materials and methods

Antibodies
The following primary antibodies were used for immunoblotting and immunocytochemistry: mouse monoclonal pan-PDE4D (clone 61D10E from ICOS; 2.3 mg/ml, 1:5000 dilution), mouse monoclonal pan-PDE4 family (clone 96F2G from ICOS; 4.8 mg/ml, 1:1000 dilution), rabbit polyclonal to mAKAP (clone VO54; 5 mg/ml, 1:1000 dilution), mouse monoclonal PKA catalytic and regulatory subunit (Transduction Laboratories; 1:1000 dilution), rabbit phosphoserine (Zymed; 1:1000). For immunoprecipitations, the following antibodies were used: mAKAP (VO54 and VO56; 5 mg/ml, 5 ml), mouse monoclonal pan-PDE4D (clone 61D10E from ICOS; 2.3 mg/ml, 5 ml), goat pan-PDE4D (8 ml) and PKA RII subunit (Transduction Laboratories; 4 mg).
Heart extract preparations and immunoprecipitations For immunoprecipitations of mAKAP from heart extract, rat hearts (PelFreeze) were homogenized in 10 ml of LSE buffer (20 ml HEPES pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, protease inhibitor cocktail) and centrifuged at 15 000 g for 30 min. Soluble extracts were used for immunoprecipitations. Antibodies (mAKAP, PDE4D and PKA regulatory subunit) or control IgG were added to 500 ml of extract (1 mg) with 30 ml of protein A± or G±agarose beads and incubated at 4°C with shaking. Following an overnight incubation, pellets were washed twice with HSE buffer (10 mM Na 2 PHO 4 , 150 mM NaCl, 5 mM EGTA, 5 mM EDTA) with 1% Triton X-100, twice in the same detergent with 600 mM NaCl, and twice in HSE buffer without detergent. Bound proteins were detected by immunoblotting.
For immunoprecipitations from heterologous cells, HEK 293 cells were transfected at 50% con¯uency in 10 cm plates using the LipofectAMINE PLUS kit (Gibco-BRL) according to the manufacturer's instructions, using 5 mg of each cDNA construct per plate. Cells were harvested and lysed 24 h after transfection in 1 ml of HSE buffer containing 1% Triton X-100 and protease inhibitors. Supernatants were incubated with antibodies or control non-immune IgG and 30 ml of prewashed protein A± or G±agarose beads. Following an overnight incubation at 4°C, the immunoprecipitates were washed as described above. Bound proteins were analyzed by immunoblotting.
PDE assay
Immunoprecipitations of heart extract using 5 ml of mAKAP VO54 antibody were performed as described above. PDE activity was assayed using 1 mM cAMP as a substrate according to the method by Beavo et al. (1974) . Samples were assayed in 45 ml of PDE buffer A [100 mM MOPS pH 7.5, 4 mM EGTA, 1.0 mg/ml bovine serum albumin (BSA)] and 50 ml of PDE buffer B {100 mM MOPS pH 7.5, 75 mM MgAc, 100 000 c.p.m. of [ 3 H]cAMP (Dupont, NEN)}. To identify the speci®c PDE activity associated with mAKAP, PDE inhibitors were added (10 mM rolipram or 1 mM milrinone; Sigma) to the solution.
PKA assay
Immunoprecipitations of heart extract using 5 ml of mAKAP VO54 antibody were performed as described above, and PKA activity was assayed by the ®lter binding method of Corbin and Reimann (1974) . Pellets were incubated in kinase buffer (50 mM Tris±HCl pH 7.5, 5 mM MgCl 2 ) containing 30 mM Kemptide, 100 mM ATP, 5 mM [g-32 P]ATP and increasing concentrations of cAMP. After a 15 min incubation at 30°C, the reaction mixture was spotted onto phosphocellulose strips and washed ®ve times in 75 mM phosphoric acid and once in 95% ethanol. Filters were air dried and counted by liquid scintillation.
For experiments involving PKA phosphorylation of PDE, immunoprecipitation of the mAKAP complex from heart extract was performed as described above. After immune complexes were washed, 200 ml of HSE buffer containing either Ht31 or Ht31-proline were added, and the complexes were incubated for 30 min at 4°C with shaking. Pellets were then washed twice with HSE buffer. To stimulate PKA bound to the complex, 20 ml of kinase buffer containing 0.75 mM CPT-cAMP and 4 mM Mg-ATP were added. After a 30 min incubation at 37°C, the pellets were washed and PDE activity assays were performed as described above.
Expression constructs
For construction of His-tagged PDE4D3 (either full length or amino acids 1±60), the domains were PCR ampli®ed using a full-length cDNA as a template and subcloned into pcDNA3.1 V5/his-TOPO. Flag-tagged PDE4D3 was constructed by subcloning an EcoRI fragment into a pcDNA-Flag vector.
GST pull-downs For GST pull-down experiments, GST alone or beads charged with GST fused to a fragment spanning the PDE4D3 unique region were incubated with 1 mg of puri®ed recombinant mAKAP fragments. The incubations were performed in 400 ml of HSE buffer and incubated overnight at 4°C with shaking. The presence of mAKAP bound to the beads was detected by immunoblotting.
Cell culture of RNVs RNVs were prepared according to the protocol of Thorburn et al. (1995) . Brie¯y, 1-to 3-day-old rat pups were killed by decapitation, and the hearts were removed through a sternotomy. The ventricles were trimmed free of atria, fat and connective tissue, while immersed in a neutral buffer. Myocytes were dissociated by several 16 min cycles of trypsin treatment and serum neutralization. After dissociation, RNV cells were collected by centrifugation, passed through a 70-mm-mesh cell strainer to remove clumps, and pre-plated in culture dishes to remove ®broblasts. After 1 h, the medium containing the unattached RNV cells was removed, cells were collected by centrifugation and were plated again on dual-well chamberslides previously coated with 1% gelatin and 60 mg/ml laminin solution at a density of 500 000 myocytes/plate. Plating medium was Dulbecco's modi®ed Eagle's medium (DMEM) with 17% Media 1999, 1% penicillin/streptomycin (Gibco-BRL), 10% horse serum (HS) and 5% fetal bovine serum (FBS). The following day, the plates were washed and then incubated with plating media containing neither HS nor FBS in the presence of 100 mM phenylephrine to induce the hypertrophic response.
Immunocytochemistry Twenty-four hours after treatment with phenylephrine, cells were rinsed twice with phosphate-buffered saline (PBS), ®xed with 3.7% formaldehyde in PBS for 10 min, and washed again with PBS. Cells were then permeablized with 0.3% Triton X-100 in PBS, washed with PBS and blocked with 0.2% BSA in PBS for 30 min. Primary antibody (mAKAP 1:500, monoclonal pan-PDE4 family; 1:500) in BSA/PBS was then added for 16 h at 4°C, and the cells were washed three times with PBS for 5 min each. Cells were then incubated with the appropriate¯uorescent secondary antibodies in the same manner. After three PBS washes, the cells were rinsed with water and mounted with glass coverslips using Slowfade Light Antifade mounting medium (Molecular Probes). Texas red±phalloidin was used to visualize actin ®bers.
